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ABSTRACT Chemical vapour deposition (CVD) technique is widely utilised to synthesise 
graphene with controlled properties for many applications, especially when continuous films over 
large areas are required. Although hydrocarbons as methane are quite efficient precursors for CVD 
at high temperature (~1000°C), finding less explosive and safer carbon sources might be beneficial 
for the transition to large scale production. We investigate the CVD growth of graphene by ethanol, 
which is a harmless and readily processable carbon feedstock, expected to provide a favourable 
kinetic. A wide range of synthesis conditions (i.e. temperature, time, gas ratios) have been tested 
and, on the basis of systematic analysis by Raman spectroscopy, the optimal parameters for 
producing high-crystalline graphene with different number of layers have been identified. Our 
results evidence the importance of high temperature (1070°C) for ethanol CVD, and underline the 
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active role that hydrogen and water vapour, coming from the thermal decomposition of ethanol, 
play on the crystal quality of the synthesized graphene. 
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INTRODUCTION  
Nowadays, catalytic chemical vapour deposition (CVD) on transition metals is the most-
widely used method for the synthesis of graphene; by this technique, large-area films with high 
spatial uniformity can be easily grown and then transferred to other substrates.1, 2 Usually the 
nucleation and growth of graphene takes place by exposing the metal surface to a hydrocarbon gas: 
methane in particular has been proven an effective carbon precursor, and it has been then used and 
tested at atmospheric pressure, low pressure (0.1 – 1Torr), and under ultrahigh vacuum conditions 
(10–4– 10–6Torr).3 Inspired by the carbon nanotube synthesis by catalytic CVD from alcohol,4-6 
there have been recently a few attempts of graphene synthesis by using ethanol and other alcohol 
precursors. The interest in using ethanol lies primarily in its safety, low cost, and easy-handling; 
besides, other advantages could rise from the different growth kinetics that its weakly oxidising 
nature introduces. 7 For example, it has been demonstrated that the addition of ethanol to the 
feedstock gas in the growth of dense “forests” of carbon nanotubes increased their length, by 
extending the catalyst lifetime, and reduced the number of walls.8 Guermoune et al.9 have grown 
graphene films by CVD on copper foils by using aliphatic alcohols (methanol, ethanol and 1–
propanol) as carbon sources. They have obtained large area, continuous graphene films with 
comparable quality those synthesized by methane. Similarly, Dong et al.10 have reported the CVD 
growth of continuous, single- and few-layered graphene films on copper foils with ethanol or 
pentane as the precursor under atmosphere pressure. Their results have suggested that graphene 
films grown by ethanol possess lower defect density, higher crystallinity and uniformity as 
compared to those synthesized by pentane. Synthesis of graphene with ethanol on nickel substrate 
has been also demonstrated.11, 12 
In the previous works about the graphene growth on copper with ethanol precursor, various 
authors explored temperature ranges lower than those usually reported for methane-assisted CVD: 
between 650°C and 850°C,9 and 900°C.10 Up to date, the growth at high temperature, i.e. above 
1000°C, has never been investigated. Furthermore, the effect of hydrogen in ethanol-assisted CVD 
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has never been explained. Hydrogen is generally a key component in the CVD graphene growth on 
copper, and it is usually present during both the substrate pre-treatment and the growth stage itself.1 
It is well known that hydrogen influences the morphology of carbons grown by catalytic CVD,13 
allowing the formation of open forms of carbon, such as graphite platelets, by stabilising the edges. 
Nevertheless, the influence that hydrogen has on the graphene synthesis has not been completely 
unveiled yet; likewise, the optimal hydrogen concentration in CVD to obtain high-quality and 
reproducible graphene films should be conclusively established. 
Hereby, we report on a systematic analysis of graphene films grown by CVD on copper foil 
substrates by using ethanol as precursor gas at high temperature. Several growth parameters have 
been explored, aiming at i) optimizing the growth of CVD graphene films in terms of quality and 
number of layers, and ii) producing defect-free graphene comparable to that grown from methane. 
We investigate the effect of temperature (1000 and 1070°C), time (10 min and 30 min) and 
hydrogen flow (from 0 to 100 sccm) on the CVD process, analysing our graphene films by Raman 
spectroscopy, Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM). 
EXPERIMENTAL 
Sample preparation. Graphene was grown using a home built CVD system consisting of a high 
vacuum fitted tube furnace, a rotary vane pump, digitally controlled mass flow meters for the inlet 
of the gases inside the chamber and a needle valve for setting the reactor pressure. Ethanol was 
contained in steel bubbler vessel kept at 0°C (about 15 mbar equilibrium pressure) and pressurized 
in Ar at 3 Bar and let into the chamber by controlling the Ar carrier flow with one of the mass flow 
controllers. We do expect negligible ethanol condensation in the gas line after the mass flow 
controller, since the line is at a higher temperature that the bubbler. The reaction chamber consists 
of a 40 mm outer diameter, 2 m long quartz tube which allows the quartz sled containing the growth 
samples to be inserted and extracted from the hot zone under vacuum tight conditions. The fast 
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extraction from the hot zone into a cold part of the long quartz tube implements a fast cooling 
system (and fast heating upon insertion) since, due to the intense radiation and the low thermal mass 
of the sled, the initial cooling of the samples is very rapid. 
25µm thick copper foil (PHC Se-Cu58, 99.95 purity) were cut to the desired size and 
utilized as growth substrates. After the initial ramping of the furnace temperature the pressure was 
stabilised at 4 mbar by flowing 20 sccm (standard cubic centimetres per minute) pure Ar and 20 
sccm H2. The quartz boat supporting the samples was then inserted into the hot zone and annealed 
for 20 min at the growth temperature. After the annealing, the H2 flow was set to the desired value, 
Ar gas flow was switched to the Ar from the pressurized bubbler vessel at a flow rate of 20 sccm. It 
can be estimated that the amount of ethanol entering the chamber to be 0.5% (15mbar/3bar) of the 
Ar flow, thus about 0.1 sccm. After the required growth time, the samples were extracted from the 
hot zone, let to cool to near room temperature, and then extracted from the vacuum vessel and 
further processed for extracting the graphene. Three sets of samples for each specific CVD 
temperature have been produced, in order to ensure the reproducibility of the experimental 
conditions. 
The graphene transfer was performed without the use of a protective resist layer14 and the 
copper and graphene films were left to free float onto the processing baths. More in details, first the 
graphene undergrowth was removed by using a “stationery” rubber eraser and optics cleaning 
tissues and ethanol. Afterwards the copper was left to float, with the freshly cleaned face down, 
onto diluted nitric acid bath (HNO3 70%, diluted 1:3 in H2O) for 2h at room temperature. After the 
full etching of the copper, the free floating carbon film was scooped by using a thermally oxidised 
silicon wafer and transferred into a clean bath of distilled water in order to remove the acid bath 
residues. It is important that the “scooping” substrate is highly wettable in water (with a low contact 
angle) as such as not to create tension in the floating film due to the formation of drops. The 
graphene film floating in water can then be scooped for the subsequent characterization and use. 
This procedure is cleaner than those using protective layers or thermal transfer tapes, which are 
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often reported to leave some residues15 while on the other hand it will not allow the transfer of large 
continuous graphene films. As such the technique is envisaged for Raman, XPS, SEM and TEM 
characterization, but less suited for those measurements (and applications) which require the 
continuity and the homogeneity of the film over a well-defined area. 
Sample characterization. The Raman scattering measurements were carried out at room 
temperature with an Instrument S.A. Ramanor U1000 double monochromator, equipped with a 
microscope Olympus BX40 for micro-Raman sampling and with an electrically cooled Hamamatsu 
R943-02 photomultiplier for photon-counting detection. The 514.5 nm (2.41 eV) line of an Ar+ ion 
laser (Coherent Innova 70) was used to excite Raman scattering. Using a X100 objective, the laser 
beam was focused to a diameter of approximately 1 µm. Care was taken to minimize heating or 
damage of the sample by choosing low laser power (below 1 mW at its surface). On account of the 
growth surface inhomogeneity, the spectra of each sample were averaged on several different 
locations. An acquisition time of 15 s was used to improve the signal-to-noise ratio. Further details 
about wave number calibration and spectra decomposition can be found elsewhere.16 
 SEM observation was performed using a FEG LEO 1500 microscope with in-line detector 
both on transferred and on as grown samples. TEM characterization was performed using a Tecnai 
F20 microscope, operated at 120kV to reduce the radiation damage to graphene crystals. The 
samples for the observations were prepared by directly scooping with a standard TEM copper grid 
the graphene membranes floating in water, after the dissolution of the growth copper substrate. Just 
before the observation, the samples were rapidly heat treated for 10’ over a hot-plate at 150C to 
reduce surface adsorbed contaminants. 
RESULTS AND DISCUSSION 
 A systematic analysis has been performed on a variety of samples (Table 1). In order to 
clarify the role of synthesis parameters in the ethanol assisted CVD of graphene, the influence of 
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hydrogen flow (ΦH2=0–100 sccm), reaction temperature (TS=1000–1070°C) and duration of growth 
stage (tS=10–30 min) has been investigated. 
 
Table 1. Growth parameters of CVD graphene films. 
Precursor gas flow rate is kept constant at 20sccm. 
Trial TS 
(°C) 
tS 
(min) 
ΦH2 
(sccm) 
 Trial TS 
(°C) 
tS 
(min) 
ΦH2 
(sccm) 
1 1070 10 0  9 1070 30 0 
2 1070 10 1  10 1070 30 1 
3 1070 10 10  11 1070 30 10 
4 1070 10 100  12 1070 30 100 
5 1000 10 0  13 1000 30 0 
6 1000 10 1  14 1000 30 1 
7 1000 10 10  15 1000 30 10 
8 1000 10 100  16 1000 30 100 
 
  
The morphology of the films has been investigated by electron microscopy. Figure 1 
displays a representative SEM micrograph of a graphene film on copper substrate. The presence of 
darker areas occurring on an underlying paler background evidences the presence of areas with 
different number of graphene layers: due to the electron absorption, the brighter the colour, the 
thinner the film. The Cu surface steps, due to the reconstruction of the surface substrate under high 
temperature (1070°C in this case) are also clearly visible. 
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Figure 1 SEM micrograph of as-grown graphene (trial 3 in Table 1) on copper foil. 
  
Raman spectroscopy is a non-destructive and powerful technique for evaluating the 
structural properties of graphene, which allows distinguishing graphene from graphite and 
evaluating crystalline quality and thickness of graphene films.17, 18 The main features of the Raman 
spectrum of graphene are the G-peak at ~ 1580 cm–1due to the in-plane bond- stretching of all pairs 
of sp2-carbon atoms in both rings and chains, the D-peak at ~ 1350 cm–1 due to a breathing mode of 
six-atom rings, and the peak at ~ 2700 cm–1, often termed as the 2D band since its frequency is 
approximately twice the D band frequency, that originates from a double resonance Raman process. 
17, 18 Different from 2D-peak, the D-peak requires disorder or defects for its activation. The shape, 
linewidth and position of 2D-peak are commonly used to evaluate the number of graphene layers. 17 
In the case of HOPG-mechanically exfoliated graphene, where an ordered stacking (i.e., AB Bernal 
stacking) exists between graphene layers, by increasing the number of layers (n ≥ 2) the 2D-peak 
becomes much broader, structured and up-shifted with respect to 1L graphene.18 
 Figure 2 shows Raman spectra of graphene films obtained at different reaction temperatures 
(1000 °C in Fig. 2a and 1070°C in Fig. 2b) by varying ΦH2 in the range 0–100 sccm for ts= 10min. 
On account of the growth surface inhomogeneity, the averaged spectra are shown for each sample. 
All the Raman spectra exhibit a G-peak centred at ~1585cm–1 and a 2D-peak at ~2700 cm–1. In 
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addition, D (~1350cm–1) and Dʹ′ (~1620cm–1) peaks are also observed, indicating the presence of 
defects in graphene, such as disordered carbon, edges or wrinkles.19, 20 
  
Figure 2 – Raman spectra of CVD graphene films grown, for 10 min, at (a) 1000°C and (b) 1070°C 
by varying ΦH2 (0-100sccm).  
 
At 1000°C (Fig. 2a), the D and Dʹ′ peaks are always clearly identifiable and moreover the 
intensity of G-peak is greater of that of 2D-peak in all the spectra. At 1070°C (Fig. 2b), the intensity 
of D and Dʹ′ peaks generally decreases with increasing H2 concentration, and the intensity of the G-
peak is larger of that of 2D-peak for all the spectra except for the one grown at 10 sccm H2 flow.
 In order to obtain more quantitative information, the spectra are further analysed and the D 
to G (ID/IG) and 2D to G (IG/I2D) intensity ratios are calculated. Figure 3a shows the ID/IG intensity 
ratio as a function of ΦH2 for the two reaction temperatures, for a 10 min synthesis (trials 1-8 in 
Table 1). At lower TS, greater values of ID/IG are obtained. However, at both temperatures, the 
addition of weak hydrogen flow (ΦH2=1sccm) into the gas mixture promotes the diminishing of 
ID/IG ratio. At 1000°C no gain is achieved by further increasing ΦH2. Instead, at 1070°C, the 
increase of ΦH2 up to 10 sccm results in an ulterior ID/IG ratio reduction, while at 100 sccm a new 
slight increase is observed. The ID/IG ratio can be used as Raman indicator of crystalline quality of 
graphene films,20, 21 where small values are indicative of a low defect density. Accordingly, 
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graphene films grown at 1000°C appear to be more defective than those grown at 1070°C. Anyhow, 
it is apparent that the addition of a proper amount of H2 in the gas mixture limits the defect density. 
 
 
 
 
 
 
Figure 3 – Dependence on hydrogen flow rate ΦH2 for 10 minute CVD graphene growth at 1000°C 
and 1070°C of: (a) Raman intensity ratio ID/IG, (b) in-plane crystallite size as calculated from 
integrated intensity ratio,22 (c) Raman intensity ratio IG/I2D, and (d) 2D peak width. Each point is the 
average of four measurements on different areas of a same sample; and the error bar indicates the 
standard deviation. 
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 The in-plane crystallite size (La) can be evaluated from the integrated intensity ratio ID/IG 
according to the general equation22 
 
where the laser line wavelength (λl) is expressed in nanometer units. Figure 3b shows La as a 
function of ΦH2 for the two temperatures. Without H2 addition, La slightly exceeds 40 nm regardless 
of TS. In presence of H2, larger in-plane crystallite sizes are generally obtained at higher TS. In 
particular, the best results are achieved at 1070°C under 10 sccm H2 flow. Upon these conditions 
the very low mean value of ID/IG (0.04 in Fig. 3a) and the large crystallite size (280 nm in Fig. 3b) 
demonstrate the high crystalline quality of the graphene film synthesized.  
 The number of graphene layers can be deduced from shape, linewidth and position of the 
2D-peak.17 In graphene produced by micro-mechanical cleavage of bulk graphite, the 2D peak of 
1L is sharp and is well fitted to a single Lorentian component (FWHM∼24cm-1), whereas, in bilayer 
(2L) graphene, it is asymmetric and can be fitted to four Lorentian components.17, 18 In multi-layers 
graphene (more than 5) the Raman spectrum becomes hardly distinguishable from that of bulk 
graphite.17 In CVD graphene, the difference in the lineshape of the 2D-peak between one or more 
than one layer could be not so clear as in exfoliated graphene, due to the lower electronic coupling 
between layers with not-ordered stacking.2, 18 A narrow lorentzian line (~30-40cm-1) can be used to 
fit the 2D-peak of both 1L and 2L CVD graphene and for multilayer (3 or more) regions the 2D 
(lorentzian) peak increase up to ~70cm-1.2 In unintentionally doped CVD graphene films, the G to 
2D intensity ratio (IG/I2D) can be used as a qualitative parameter to evidence the presence of very 
few sheets of graphene:2 1L or 2L are characterized by IG/I2D<1, while in multilayer graphene 
IG/I2D>1. 
 Figures 3c and 3d show the IG/I2D intensity ratio and the full width at half maximum 
(FWHM), respectively, as a function of ΦH2 for the two reaction temperatures, for a 10 min 
synthesis. At 1000°C, the FWHM is always less than 40cm–1 (Fig. 3d), but the IG/I2D values change 
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in the range 1 – 1.45 (Fig. 3c); the highest value corresponds to ΦH2 = 0sccm. Such Raman 
parameters indicate that the lack of hydrogen into the gas mixture causes the growth of multilayer 
without stacking order. On the contrary, its addition promotes a reduction of the graphene film 
thickness. The same conclusion can be drawn for the samples synthesized at 1070°C, with the 
exception of that grown by using ΦH2=10sccm. Upon the latter conditions, values of 36cm-1 and 0.8 
for FWHM and IG/I2D respectively indicate that 1-2L graphene flakes are obtained, on average.  
The above results show that, in the ranges considered, the higher reaction temperature 
(1070°C) induces the growth of few layer graphene films of higher quality in respect to those 
obtained at the lower temperature. At 1070°C, a further improvement of crystalline quality is 
obtained adding H2 into the growth gas mixture. As for the graphene film’s thickness, the hydrogen 
flow rate has a negligible effect. In particular, the thinnest graphene films (1-2 layers) with the 
highest crystalline quality are obtained at 1070°C under 10 sccm H2 flow. 
In order to make our investigation comprehensive and comparable to previous reports on 
ethanol-CVD of graphene [9,10], we also probed a range of CVD temperatures below 1000°C. As 
demonstrated by the ID/IG intensity ratio reported in Supplementary Information (Fig. S1), in our 
experimental conditions, the film quality is observed to worsen with decreasing CVD temperature. 
Below 900°C, the grown films lose the Raman features typical of high quality graphene, as 
suggested by high ID/G ratio. Moreover, at the lower temperatures investigated, the films are thick 
(Fig S2). For this reasons, our investigation is specifically focused on temperatures higher than 
1000°C, which guarantee high level of crystallinity and low thickness.  
 The Raman results are supported by the TEM analysis we performed of the graphene 
samples. Figure 4a shows a low-magnification TEM image of the graphene film synthesized at 
1070°C, for 10 minutes and under 10 sccm of H2 flow, lying over the amorphous carbon membrane 
used as support during the observations. As commonly observed in CVD grown graphene, the film 
is folded and pleated as a result of the strains due to thermal stresses during the growth process; a 
thin layer of amorphous carbonaceous contaminants is also present, as expected for an air-exposed 
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surface. Importantly however, the TEM images do not reveal the presence of copper residues 
coming from the etching of the growth substrate. The graphene film is composed of a poly-
crystalline membrane with high crystal quality. Figure 4b illustrates at high-resolution a region in 
which multiple folds are present, revealing that the film is composed of two stacked graphene 
layers. Figure 4c shows a high-resolution image of a different region of the film composed of two 
graphene layers. The lattice fringes of the graphene’s folded edges shown in the high-resolution 
TEM images acquired from this sample have been analysed by Fast Fourier Transform (inset Fig. 
4b): the four hexagonal patterns from the honeycomb lattice (corresponding to a interplanar 
distance of 0.213 nm) confirm the good crystalline quality of the film. In agreement with Raman 
observations, the 10 min growth under 10 sccm of H2 flow resulted in a lower number of graphene 
layers, as most of the film is composed of 1 to 4 layers. 
 
 
Figure 4 TEM characterization of the sample grown at 1070°C, 10 min, 10 sccm H2 flow. (a) Low-
magnification view of the graphene membrane over the TEM grid, showing folds and pleats. (b) 
HREM detail of the region indicated by the rectangle in (a), showing (002) graphite fringes in 
(a) (b) 
(c) 
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folded edges. (c) Another HREM detail of a bilayer folded border. 
 
Figure 5a shows the ID/IG intensity ratio as a function of ΦH2 for the two reaction 
temperatures, in the case of a 30 min synthesis (trials 9-16 in Table 1). As can be seen, CVD 
graphene films grown at 1000°C are more defective than those grown at 1070°C, as occurred for 10 
min growth. At both temperatures, the crystalline quality of CVD graphene films increases (ID/IG 
ratio decreases) with increasing H2 flow. At 1000°C, the sample thickness (Fig. 5b) is considerably 
influenced by the hydrogen flow in the growth mixture, while on the contrary at 1070° the thickness 
is almost constant irrespective of the hydrogen flow. Overall, the mean values of IG/I2D are always 
greater than unity, indicating the presence of multilayer graphene films. 
In this case (tS=30 min) the same consideration apply as for the 10’ growth. The presence of 
a hydrogen excess appear to favour the growth of several layers over longer times. 
 
  
Figure 5 Raman intensity ratio ID/IG (a) and IG/I2D (b) as function of hydrogen flow rate ΦH2 for 30 
minute CVD graphene growth at 1000°C and 1070°C. Each point is the average of four 
measurements on different areas of a same sample; and the error bar indicates the standard 
deviation. 
 
 15 
Figure 6a shows the graphene film grown at 1070°C for 30 min under 100 sccm of H2. An 
estimate of the thickness of the film was obtained by analyzing folded edges, where (002) lattice 
fringes from stacked layers allow for direct counting of the number of graphene layers. Figure 6b 
shows a high-magnification view of the area in the white rectangle in Figure 6a, where nine (002) 
lattice fringes are clearly visible at the edge of the membrane. The graphene film is perfectly 
crystalline and show few defects, as confirmed by the FFT analysis of the (002) lattice fringes in 
Figure 6b (inset), which shows reflections from the honeycomb lattice of graphene. The ring-like 
pattern in the FFT confirms that the graphene film is composed of honeycomb lattice planes stacked 
with different rotational directions, compatible with the growth of randomly oriented graphene 
islands on the copper substrate, merging and superimposing to create the continuous poly-
crystalline film. The number of layers is therefore variable, but was found to be between 1 and 10 in 
samples grown at 1070°C. Figure 6c shows a high-resolution image of a folded edge, in a region 
where the membrane was composed of a single graphene layer.  
 
 
Figure 6 TEM characterization of the sample grown at 1070°C, 30 min, 100 sccm H2 flow. (a) 
Low-magnification image showing the graphene membrane standing over the TEM grid. (b) 
HREM detail of the region indicated by the rectangle in (a), showing (002) graphite fringes on a 
(a) (b) 
(c) 
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folded edge. (c) HREM image of a mono-layer folded border. 
 
The results of our study confirm that, for the synthesis of graphene films on Cu by ethanol 
CVD, the presence of hydrogen in the gas mixture has a great impact on the defect density of the 
films.  
The details of the molecular paths that lead to the graphene growth onto a copper surface are 
difficult to determine to a full extent, but it has been established that the mechanism has to involve 
the dehydrogenation of the hydrocarbon precursor and the insertion of carbon atoms into the 
growing graphene lattice.23 Studies of first-principles thermodynamics on graphene grown from 
methane have demonstrated that carbon atoms are thermodynamically unfavourable on Cu surface 
and that CHx groups, derived from dehydrogenation of methane, are the active species for the 
growth.23 Hydrogen can then participate to carbon growth process in several ways, making difficult 
to unambiguously assess its exact role in the synthesis. Some authors have recently claimed that 
hydrogen is a necessary component in methane CVD of graphene, which has a dual role in the 
synthesis: i) activator of surface-bond carbon promoting monolayer growth, ii) etching reagent 
controlling size and morphology of the graphene domains.24 Conversely, other groups, using the 
same precursor and catalyst, have reported that hydrogen is detrimental to the growth of high 
quality CVD graphene films,19 and that monolayer graphene with negligible defects can be grown 
by hydrogen-free CVD (even if in this last case a annealing pre-treatment in hydrogen is required to 
facilitate the successive decomposition of methane during CVD).25 
In the growth of graphene by ethanol CVD, factors other than hydrogen might have a 
concurrent role to the synthesis. During CVD the thermal pyrolysis of ethanol generates 
hydrocarbon species, the major reaction products being ethylene (C2H4) and water (H2O);26, 27 the 
consequent dehydrogenation of ethylene and the insertion of C2Hx groups in the growing graphene 
lattice has been also reported.28 
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Water, added in small concentration, could have a beneficial oxidising effect limiting the 
accumulation of amorphous carbon as in the case of carbon nanotube growth.4, 8, 29 In this case, 
hydrogen is also expected to counteract (or balance) the oxidising action from the water molecules 
deriving from ethanol pyrolysis. The chemical effect of water vapour in ethanol CVD of graphene 
could be crucial, and should be then further investigated. 
Our results on the synthesis by ethanol CVD at high temperature (1000−1070°C) highlight 
the influence that the etching effect of water has on the CVD growth. Importantly, such an effect 
can be tuned by correcting the hydrogen concentration in the gas mixture – as discussed in the 
following. When no hydrogen is added to the gas mixture, the water-assisted etching is excessive, 
thus reducing the crystalline quality of the graphene film. Conversely, just the addition of small 
amounts of H2 (1-10 sccm in our experimental conditions) to the gas mixture brings about a 
considerable improvement in the graphene quality (Figures 3a and 5a), because the hydrogen not 
only stabilises the growing graphene edges and acts as co-catalyst for the dehydrogenation of the 
carbon precursor,13, 24 but is also able to limit the water etching (C+H2O→CO+H2), tuning its 
optimal effect on the film crystallinity. A further increase of the H2 flow does not produce 
significant changes in the quality of graphene film. Such assumption would also explain why the 
number of graphene layers varies with the hydrogen concentration (Fig. 3c). Without hydrogen, the 
water etching introduces on the surface of the growing graphene many defects, which act as 
multiple nucleation sites and lead to low-quality and multi-layer films; while an optimal amount of 
hydrogen reduces secondary nucleation effect.  
Moreover, for longer synthesis (30 min) the hydrogen effect as co-catalyst for the 
dehydrogenation of carbon precursor on copper should decrease, because the surface is fully 
covered with multilayer carbon. Therefore, for 30 min growths, the increase of the number of layers 
at higher H2 flow indicates that the substantial effect of hydrogen, in case of ethanol growth, lies in 
balancing and counteracting the etching effect of water. 
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Owing to the participation of competing mechanisms in the growth process, there is an 
optimal (T-dependent) H2 concentration window, within which crystalline quality of the graphene 
film improves and number of the layers reduces. In our case, a synthesis at 1070°C with 10 sccm of 
hydrogen for 10 min produces thin (1-2 layers) and highly crystalline graphene films. 
 
CONCLUSIONS  
Graphene films are grown by low pressure CVD on copper substrates using ethanol as 
carbon source with different dilution in hydrogen or argon. Films are systematically analysed in 
order to optimise the growth process. The quality and number of layers of as-produced graphene are 
assessed by Raman spectroscopy. 
Our analysis indicates that the temperature and the hydrogen flow have strong influence on 
the defect density of the grown films. The overall graphene quality improves with increasing 
synthesis temperature, while the defect density has a non-monotonic dependence on the hydrogen 
flow rate. The optimal amount of hydrogen to be added to the gas mixture to enhance the 
crystallinity of the samples depends on both temperature and duration of the synthesis reaction, 
hinting at an active kinetic role of hydrogen in the process. We suggest that, depending on its flow, 
hydrogen may limit or even inhibit the etching effect of the water molecules coming from the 
decomposition of ethanol. Nonetheless, the presence of water during CVD is demonstrated to 
improve the crystalline quality of graphene, as reported for the case of CNTs. Our results show that 
a short growth time (10 min), very high temperature (1070°C) and a proper amount of hydrogen (10 
sccm) are needed to obtain thin (1-2 layers) and highly crystalline graphene films. The main result 
is the confirmation that ethanol has the potential to replace methane as gas precursor in CVD 
synthesis of graphene. 
 
Supporting Information Available 
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Raman intensity ratio ID/IG and IG/I2D of CVD graphene films as function of growth 
temperature (860-1070°C), hydrogen flow (0-100 sccm) and duration of the growth stage (10-30 
min). This material is available free of charge via the Internet at http://pubs.acs.org. 
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